Understanding how the brain learns to recognize objects is one of the ultimate goals in the cognitive sciences. To date, however, we have not yet characterized the environmental factors that cause object recognition to emerge in the newborn brain. Here, I present the results of a high-throughput controlled-rearing experiment that examined whether the development of object recognition requires experience with temporally smooth visual objects. When newborn chicks (Gallus gallus) were raised with virtual objects that moved smoothly over time, the chicks developed accurate color recognition, shape recognition, and color-shape binding abilities. In contrast, when newborn chicks were raised with virtual objects that moved non-smoothly over time, the chicks' object recognition abilities were severely impaired. These results provide evidence for a ''smoothness constraint" on newborn object recognition. Experience with temporally smooth objects facilitates the development of object recognition.
Introduction
Object recognition is one of the most important functions of the vertebrate visual system. To date, however, the development of object recognition is poorly understood. What environmental factors cause object recognition to emerge in the newborn brain? Does this ability emerge automatically, or do newborns require a specific type of visual input in order to develop accurate object recognition abilities? These types of questions are difficult to address with humans because human infants cannot be raised in strictly controlled environments from birth. In contrast, questions that concern the role of experience in development can be addressed directly with controlled-rearing studies of newborn animals. Here, I describe a high-throughput controlled-rearing experiment that examined whether the development of object recognition requires experience with temporally smooth visual objects.
Researchers have long theorized that biological visual systems leverage the temporal smoothness of natural visual environments to recognize objects (e.g., DiCarlo, Zoccolan, & Rust, 2012; Feldman & Tremoulet, 2006; Foldiak, 1991; Gibson, 1979; Stone, 1996; Wallis & Rolls, 1997; Wiskott & Sejnowski, 2002) . In particular, when an object moves smoothly across the visual field, the object projects a series of gradually changing images on the retina. The visual system might take advantage of this natural tendency for temporally contiguous retinal images to belong to the same object by associating patterns of neuronal activity produced by successive retinal images of an object. When provided with temporally smooth visual input, this temporal association process should create object representations that are selective for object identity and tolerant to identity-preserving image transformations (e.g., changes in viewpoint).
A wealth of studies provide evidence that mature visual systems use temporal association mechanisms to create object representations. For example, when human adults are presented with sequential views of an object, the views come to be associated with one another in a manner that aids recognition (Cox, Meier, Oertelt, & DiCarlo, 2005; Liu, 2007; Stone, 1998; Vuong & Tarr, 2004; Wallis, Backus, Langer, Huebner, & Bulthoff, 2009; Wallis & Bülthoff, 2001) . Temporal association effects have also been found on the neurophysiological level in adult monkeys (Li & DiCarlo, 2008 , 2010 Meyer & Olson, 2011; Miyashita, 1988) . In the present study, I examined whether newborn visual systems create more accurate object representations when presented with temporally smooth objects compared to temporally non-smooth objects-as predicted by temporal association models (Wallis, 1998; Wallis & Bülthoff, 2001) . Specifically, I examined the first visual object representation created by newborn subjects, before their visual systems had been shaped by any prior visual object experience.
A high-throughput controlled-rearing method
This experiment required controlling all of the subjects' visual experiences from the onset of vision and measuring their object recognition abilities across a range of test trials. To meet these requirements, I used a high-throughput controlled-rearing method 
